Introduction
Osteosarcoma (OsC), also known as "osteogenic sarcoma", is the most frequent type of primary bone tumor. OsC is the second most leading cause of cancer-related deaths in adolescents and children and accounts for ~20% of all primary bone cancers. [1] [2] [3] [4] Treatment of OsC includes neoadjuvant and postoperative adjuvant chemotherapy, and although some improvements have been achieved in effectively curing the disease, OsC still remains a devastating disease with poor early diagnosis and multidrug resistance of OsC cells. 5 For OsC patients, the 5-year survival rate is ,40%. 6, 7 Therefore, it is of utmost importance to elucidate the molecular mechanisms underlying the development and progression of OsC, as well as to identify novel therapeutic targets and therapeutic approaches to treat this disease.
Translation is an essentially fundamental process that can be divided into three steps: initiation, elongation, and termination. During the initiation step, the EIF3 complex is responsible for stabilizing the 43S pre-initiation complex by interacting directly with eIF1, eIF2, eIF5, and the 40S ribosomal subunit. 8, 9 EIF3 is the largest mammalian submit your manuscript | www.dovepress.com
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gao et al scaffolding initiation factor and contains 13 subunits that are designated as EIF3A-3M. 9 Among these subunits, EIF3C is an essential subunit that allows for the assembly of the EIF3 complex. 10, 11 Increasing evidence has revealed that alterations in the expression of EIF3C are associated with oncogenic properties; 12 for instance, EIF3C was found to be overexpressed in seminomas 13 and meningiomas. 14 Additionally, it has been demonstrated that EIF3C is critical for proliferation of human colon cancer cells, 15 glioma cells, 16, 17 and breast cancer cells. 18 However, little is known about the role of EIF3C in human OsC.
In the present study, we first evaluated the expression of EIF3C in human OsC tissues and cell lines. Next, we used RNA interference technology in OsC U-2OS cells to determine the role of EIF3C in tumor proliferation, colony formation, and apoptosis. Finally, we used the PathScan stress and apoptosis signaling antibody array kit to determine the potential of EIF3C silencing to inhibit tumorigenesis in human OsC.
Materials and methods
Patients and samples
In the present study, 60 patients with OsC treated at the First Affiliated Hospital of Anhui Medical University between 2013 and 2016 were enrolled. The study was approved by the Medical Ethics Committee of the First Affiliated Hospital of Anhui Medical University. All the patients provided written informed consent, and the study was conducted in accordance with the Declaration of Helsinki. Tumor specimens and para-carcinoma tissues (referred to as normal tissues, at least 1.0 cm apart from the visible cancerous tissues) were used for detecting the levels of EIF3C expression by immunohistochemistry (IHC; paraffin-embedded tissues) and quantitative real-time PCR (qPCR; frozen tissues) assays as described below.
immunohistochemistry IHC was carried out on formalin-fixed, paraffin-embedded tissues. The slices (5 µm thick) were prepared for incubating sequentially with primary EIF3C antibody (1:500, catalog no PA5-62137; Thermo Fisher Scientific, Waltham, MA, USA). The experimental procedure and immunostaining scoring of EIF3C expression were conducted as previously described. 19 
cell lines
Two human OsC cell lines, U-2OS and Soas-2, were obtained from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). Human lung fibroblasts (MRC-5 cell line) were provided by Prof Shengquan Zhang (Department of Biochemistry and Molecular Biology, Anhui Medical University) as a gift. Cells were maintained in Roswell Park Memorial Institute 1640 medium (Thermo Fisher Scientific) supplemented with 10% FBS, 2 mM L-glutamine, penicillin (100 U/mL), and streptomycin (100 µg/mL) (Sangon Biotech, Shanghai, China). Cells were cultured at 37°C in a humidified atmosphere containing 5% CO 2 .
construction and transfection of sheiF3c lentivirus
For manipulating EIF3C expression, a lentiviral system containing shRNA was used. A candidate siRNA specifically targeting human EIF3C (GenBank Accession No NM_003752) was designed to target the sequence 5′-CCA TCC GTA ATG CCA TGA A-3′. In addition, a scramble sequence that served as the negative control shRNA was included in the study: 5′-TTC TCC GAA CGT GTC ACG T-3′. Stem-loop DNA oligonucleotides were synthesized and cloned into the lentiviral pGV115-GFP vector (GeneChem, Shanghai, China). An EIF3C shRNA-expressing lentivirus (shEIF3C) and scramble control siRNA-expressing lentivirus (shCtrl) were prepared using a Lentivector Expression System (GeneChem).
For lentiviral infection, U-2OS cells (1×10 5 ) were cultured in six-well plates and infected with shEIF3C or shCtrl lentivirus using a multiplicity of infection of 80. After 72 hours of infection, GFP expression was examined under a fluorescence microscope (Olympus XI-71; Tokyo, Japan). After 120 hours of infection, U-2OS cells were harvested and quantitative reverse transcription PCR (qRT-PCR) and Western blot analysis were performed to determine knockdown efficiency.
rna extraction and qrT-Pcr
Total RNA was extracted from human OsC tissues and cells using the TRIzol method (Thermo Fisher Scientific) under RNase-free conditions and according to the manufacturer's guidelines. From each sample, 2 µg of total RNA was reverse-transcribed using M-MuLV reverse transcriptase and Oligo (dT) primers (Sangon Biotech) to generate singlestranded cDNA. To quantify EIF3C expression in U-2OS cells infected with shEIF3C lentivirus, qPCR was conducted using SYBR Green Premix Ex Taq (Takara, Dalian, China) at an ABI 7500 system (Thermo Fisher Scientific). The housekeeping gene GAPDH was used as an internal control. One microgram of cDNA was used as a template for PCR. The primers used for qPCR were as follows: GAPDH forward, 5′-TGA CTT CAA CAG CGA CAC CCA-3′ submit your manuscript | www.dovepress.com
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gao et al and reverse, 5′-CAC CCT GTT GCT GTA GCC AAA-3′ (product size: 121 bp); and EIF3C forward, 5′-AGA TGA GGA TGA GGA TGA GGA C-3′ and reverse, 5′-GGA ATC GGA AGA TGT GGA ACC-3′ (product size: 175 bp). The expression of EIF3C was normalized to GAPDH expression, and data analysis was conducted using the 2 -ΔΔCT method.
cell proliferation assay
Cell proliferation was measured using a multi-parametric high-content screening approach as described by Liu et al. 20 After infection with either shEIF3C or shCtrl lentivirus, U-2OS cells in the logarithmic phase were reseeded at a density of 2×10 3 cells/well into 96-well plates. Cells were cultured at 37°C with 5% CO 2 for 5 days. Subsequently, cells were counted on a daily basis using a Celigo ® Cell Imaging Cytometer (Nexcelom Bioscience, Boston, MA, USA). At least 800 cells/well were analyzed for each experiment, and per-sample counting was performed in triplicate.
In addition, cell proliferation was evaluated by MTT assay as described previously. 21 Briefly, at 1, 2, 3, 4, or 5 days postinfection, cells were incubated with 20 µL of MTT reagent (5 mg/mL; Gen-View Scientific Inc, Tallahassee, FL, USA) for 4 hours. Supernatants were removed by centrifugating at 1,800 rpm for 10 minutes at room temperature, and then the formazan product was dissolved using 150 µL/well of dimethyl sulfoxide (Sangon Biotech) for 10 minutes. The absorbance was read at 490 nm with ELx800 Absorbance Microplate Reader (BioTek Instruments, Winooski, VT, USA). All experiments were performed in triplicate.
apoptosis assay
For the detection of apoptotic cells, an Annexin V-APC apoptosis detection kit (eBioscience, San Diego, CA, USA) was used. Briefly, U-2OS cells were infected with shEIF3C or shCtrl lentivirus, incubated for 96 hours, collected, and washed with PBS. The cells were adjusted to a final density of 1×10 6 /mL in staining buffer, and 100 µL of the cell suspension was incubated with 5 µL APC-conjugated Annexin V for 15 minutes at room temperature in the dark. Cell apoptosis was analyzed by flow cytometry using an FACS Calibur (Becton-Dickinson, Franklin Lakes, NJ, USA). All experiments were performed in triplicate.
colony formation assay U-2OS cells transfected with shEIF3C or shCtrl lentivirus were cultured for 2 days until the logarithmic phase was reached. Subsequently, cells were reseeded at a density of 600 cells/well in six-well plates in triplicate and cultured for 2 weeks at 37°C with 5% CO 2 . Cells were fixed for 60 minutes in 4% paraformaldehyde at room temperature and stained with Giemsa stain (Dingguo Biotech, Shanghai, China) for 20 minutes. After rinsing with distilled H 2 O, images were taken using a fluorescence microscope (Olympus XI-71) and cell colonies were counted.
Western blotting analysis
To evaluate shEIF3C knockdown efficiency in U-2OS cells, Western blot analysis was employed to determine the levels of EIF3C expression. Briefly, U-2OS cells transfected with shEIF3C or shCtrl lentivirus were cultured for 96 hours, collected, and lysed in ice-cold lysis buffer (Sangon Biotech). Cell lysates were centrifuged at 12,000 rpm for 10 minutes at 4°C, and supernatants were harvested. Protein concentration was determined using the BCA protein assay kit (Sangon Biotech). For each sample, equal amounts of total protein were separated by SDS-PAGE using a 12.5% polyacrylamide gel and transferred to a polyvinylidene fluoride membrane (Sangon Biotech). Membranes were blocked with 5% skimmed milk in Tris-buffered saline containing Tween-20 for 1 hour and incubated overnight at 4°C with anti-EIF3C mouse antibody (catalog no E6283; Sigma-Aldrich Co., St Louis, MO, USA) or anti-GAPDH (catalog no sc-32233; Santa Cruz Biotechnology Inc., Dallas, TX, USA) at 1:2,000 dilution. Membranes were incubated using horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (catalog no sc-2005; Santa Cruz Biotechnology) and visualized using an enhanced chemiluminescence (ECL) reagent (catalog no 32106, Pierce™ ECL Western Blotting Substrate; Pierce Biotech, Inc., Rockford, IL, USA). Gray values of bands were measured using ImageJ software.
Pathscan analysis
PathScan analysis was performed using the PathScan ® stress and apoptosis signaling antibody array kit (catalog no 12923; Cell Signaling Technology, Danvers, MA, USA) according to the manufacturer's instructions. Briefly, cells transfected with shEIF3C or shCtrl lentivirus were lysed with 1X Cell Lysis Buffer (catalog no 7018; Cell Signaling Technology). After collection of whole-cell lysates, protein concentration was determined using a BCA protein assay kit (Sangon Biotech). Proteins, at equal concentration, were analyzed by a PathScan sandwich ELISA kit according to the manufacturer's instructions. The array target map used can be found at the manufacturer's homepage (http://www.cst-c.com.cn/products/12856. html). Slides were imaged using a ChemiScope5300 Pro 
Results
relationship between eiF3c expression and clinicopathological characteristics of patients with Osc
High EIF3C mRNA expression was measured in OsC tissues ( Figure 1A ), and high EIF3C immunoreactivity was also observed in cancerous tissues with 70% of tumors expressing EIF3C ( Figure 1B and Table 1 ). However, there was no significant relationship between EIF3C expression and clinicopathological features of patients enrolled in our study, including age, pathological grade, TNM stage, and lymph node metastasis (Table 1) .
Lentivirus-mediated siRNA efficiently inhibits eiF3c expression in human Osc U-2Os cells
In malignant human OsC cell lines, U-2OS and Saos-2, high expression levels of EIF3C were detected by qPCR (Figure 2A ) and verified by Western blotting (Figure 2B) . To evaluate the effect of knocking down EIF3C expression using lentivirus-mediated siRNA, the OsC cell line U-2OS was transfected with shEIF3C or shCtrl lentivirus. Twenty-four hours after transfecting with shEIF3C or shCtrl lentivirus, cell proliferation was found to be unaffected ( Figure 2D ). EIF3C mRNA levels were determined using qPCR analysis, which demonstrated that U-2OS cells treated with shEIF3C lentivirus showed an ~52.7% reduction in EIF3C mRNA expression ( Figure 2C ). Western blot analysis was consistent with the mRNA data, and quantification of the protein bands also showed that shEIF3C lentivirus-treated cells had reduced EIF3C protein levels ( Figure 2E and F) . Together, these data demonstrated that EIF3C expression levels were successfully downregulated by shEIF3C lentivirus infection at both the mRNA and protein levels.
eiF3c knockdown suppresses U-2Os proliferation
To evaluate the role of EIF3C in the proliferation, U-2OS cells were transfected with shEIF3C or shCtrl lentivirus and cell count was continuously monitored over a 5-day period. In cells transfected with shEIF3C, statistically significant proliferation inhibition was observed after 96-120 hours when compared to cells transfected with shCtrl (P,0.01; Figure 3A 
eiF3c knockdown decreases the ability of U-2Os cells to form colonies
To evaluate the colony formation ability of U-2OS cells after EIF3C knockdown, a colony formation assay was performed. The data showed that a reduction in the expression of EIF3C in U-2OS cells significantly impaired the colony formation ability, resulting in an ~90.5% reduction in colony formation. An average of 84 colonies was present on the plates of cells that were transfected with shCtrl lentivirus, whereas only eight clones were found on the plates of cells transfected with shEIF3C lentivirus (Figure 4A and B) .
Knockdown of eiF3c in U-2Os cells promotes apoptosis
To evaluate whether or not EIF3C expression affects apoptosis, we used the lentivirus approach and successfully knocked down EIF3C in U-2OS cells. Annexin V-APC staining was used to evaluate cell apoptosis. Apoptosis was observed in 16.39% of U-2OS cells treated with shEIF3C Figure 5A and B). These results suggest that EIF3C knockdown induces apoptosis in U-2OS cells. Meanwhile, we found the EIF3C knockdown in human fibroblast MRC-5 cells also triggered enhanced apoptosis and decreased proliferation, while the proliferation inhibition and apoptosis rates were lower than that in cancerous cells after EIF3C knockdown ( Figure S1 ).
silencing of eiF3c in U-2Os cells alters profiles of signaling molecules involved in stress and apoptosis
To investigate the signaling pathways in EIF3C-silenced U-2OS cells, we evaluated the profiles of signaling molecules involved in stress and apoptosis using a PathScan stress and apoptosis signaling antibody array kit. Using this kit, 19 signaling molecules involved in the regulation of stress response and apoptosis could be evaluated simultaneously ( Figure 6A ). 
Discussion
Previous studies have implicated a role of the EIF3 complex in functions other than translation and outside its general accepted role as a protein scaffold for the formation of initiation complexes. 22 Aberrant EIF3 expression can result in translational dysregulation, which may lead to disease states, including tumorigenesis. 23 It has been shown that mutated or inactivated EIF3 subunits are related to developmental defects. 24, 25 In addition, overexpression of EIF3 is associated with diverse types of cancer, including breast, prostate, and esophageal malignancies. 12, 23 Studies have demonstrated that in tumor types such as seminoma, 13 meningioma, 14 colon cancer, 15 and glioma, 16, 17 expression of the EIF3C subunit of the EIF3 complex is upregulated. Recently, Lee et al demonstrated that overexpression of EIF3C augmented exosome secretion and promoted tumorigenesis of human hepatocellular carcinoma. 18 These findings imply that EIF3C is closely related to human tumorigenesis; 12, 17 however, the role of EIF3C in human OsC has not yet been identified.
In the present study, we first detected the levels of EIF3C mRNA by qPCR and protein by IHC in human OsC tissues. Our data showed that the levels of EIF3C expression in cancer tissues were higher than those in normal tissues. Unfortunately, high EIF3C expression in cancer tissues was irrelevant to the clinicopathological characteristics of patients enrolled in our study, including age, pathological grade, TNM stage, and lymph node metastasis.
We then evaluated the expression levels of EIF3C mRNA in two different OsC cell lines and found that EIF3C was highly expressed in both cell lines. To assess the role of EIF3C in the OsC cell line U-2OS, we constructed the EIF3C-siRNA lentiviral vector to efficiently silence EIF3C in U-2OS cells. We found that EIF3C knockdown decreased both proliferation and the ability of U-2OS cells to form colonies. In addition, we verified that silencing EIF3C can induce apoptosis of U-2OS cells.
In eukaryotes, translational regulation is a fundamental process that is responsible for controlling cell development, homeostasis, and stress responses. 26 Deregulation of translational control results in initiation and progression of cancer. 27, 28 A disrupted tumor suppressor mechanism causes apoptosis, which is a frequent event seen in cancer and contributes to tumorigenesis. 29 Activation of key oncogenic pathways may alter the overall profiles of increased protein synthesis and specific regulatory networks for cellular transformation. 28 As a major controller of translation initiation in protein synthesis, alteration of components in the EIF3C complex such as EIF3C leads to acceleration of protein synthesis involved in tumorigenesis and progression. 30 Although EIF3C has been indicated as an important molecule, its mechanism of action in human OsC remains unclear.
To investigate the effect of EIF3C knockdown on shEIF3C-transfected U-2OS cells, we evaluated the stress and apoptosis profiles of various signaling molecules. The data showed that EIF3C knockdown significantly promoted the expression of SAPK/JNK (Thr ). SAPKs, also known as JNKs, induce apoptosis by translocating to mitochondria with Bcl-xl interaction response to DNA damage. 31 As effector caspases, both CASP3 and CASP7 cleave important cellular substrates to accomplish apoptosis. 32 Both caspases are activated during Fas-and mitochondria-induced apoptosis. 33, 34 Downregulation of CASP3 or CASP7 is frequently seen in several forms of cancer. [35] [36] [37] Inanami et al 38 demonstrated that apoptosis is induced by CASP3 activation, which is required for de novo protein synthesis and operates through SAPK/JNK activation. DNA damage due to failure of repair results in cellular senescence or cell death. 39 Phosphorylated Chk1/2 activates replication stress response, which is characterized by stalled replication forks and contributes to cancer cells senescence. 41 The present study indicates that the increased apoptosis rate of U-2OS cells due to EIF3C knockdown may result in increased activation of SAPK/JNK, which is responsible for accelerating protein synthesis of CASP3/7 and Chk1/2. However, the detailed mechanism of action of pro-apoptosis due to EIF3C knockdown is currently unclear and requires further investigation.
Conclusion
Our study investigated the role of EIF3C in tumorigenesis in vitro. We found that EIF3C is involved in OsC proliferation and survival. Moreover, the inhibitory role of EIF3C knockdown in OsC proliferation was validated by a PathScan stress and apoptosis signaling antibody array kit, which suggested that the effect of EIF3C knockdown on tumor proliferation and apoptosis may involve the upregulation of SAPK/JNK, which promotes apoptosis by increasing the protein synthesis of CASP3/7 and Chk1/2.
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